Introduction of fluorine atoms into polymer structure can cause significant change in physical and chemical properties of polymers. It is well known that fluorinated polymers are important specialty materials in many applications [12] . Thus, compared to polynorbornene, partially fluorinated polynorbornene membranes exhibit higher gas permeability and selectivity [13, 14] . The ROMP of norbornene derivatives with various fluorine-containing units is well established [15] . For example, a wide range of thermally stable and solvent resistant fluorinated polynorbornenes using the ROMP classical catalysts have been synthesized by Feast et al. [16] [17] [18] . The development of highly active metal-alkylidene catalysts opens vast opportunities in olefin metathesis and their application to the synthesis of well-defined products [19, 20] . The resent generation of ruthenium alkylidene catalysts coordinated with N-heterocyclic carbene ligands makes possible to metathesize challenging cyclic and linear olefins with sterically hindered or electronically deactivating groups [21] . Endo-isomers of norbornene derivatives are challenging and few examples of their metathesis exist [22] [23] [24] . The goal of this study is the synthesis and ROMP of new N-3,5-bis(trifluoromethyl)phenyl-endo-norbornene-5,6-dicarboximide (TFMPhNDI) (2a), N-4-fluorophenyl-endo-norbornene-5,6-dicarboximide (FPhNDI) (2b) and N-2,2,6,6-tetramethylpiperidylendo-norbornene-5,6-dicarboximide (TMPNDI) (2c) using a second generation ruthenium alkylidene catalyst (1,3-dimesityl-4,5-dihydroimidazol-2-ylidene) (PCy 3 Cl 2 Ru = CHPh) (I). One of the objectives of this work also is the hydrogenation of Poly-TFMPhNDI (3a). The transformation of the rigid double bonds into single bonds would increase the conformational mobility of polymer chains and thermo-and photo-oxidative stability of polynorbornenes.
Experimental

Techniques
1 H NMR, 13 C NMR and 19 F NMR spectra were recorded on a Varian spectrometer at 300, 75 and 300 MHz, respectively, in CDCl 3 or DMSO. Tetramethylsilane (TMS) and trifluoracetic acid (TFA) were used as internal standards, respectively. Glass transition temperatures, T g , were determined in a DSC-7 Perkin Elmer Inc., at scanning rate of 10°C/min under nitrogen atmosphere. The samples were encapsulated in standard aluminum DSC pans. Each sample was run twice on the temperature range between 30 and 300°C under nitrogen atmosphere. Onset of decomposition temperature, T d , was determined using thermogravimetric analysis, TGA, which was performed at a heating rate of 10°C/min under nitrogen atmosphere with a DuPont 2100 instrument. FTIR spectra were obtained on a Nicolet 510 p spectrometer. Molecular weights and molecular weight distributions were determined with reference to polystyrene standards on a Varian 9012 GPC at 30°C, in chloroform for polymers 3a and 3c and in dimethylformamide for polymer 3b, using a universal column and a flow rate of 1 ml/min. Mechanical properties under tension were measured in a Universal Mechanical Testing Machine Instron 1125-5500R using a 50 kg cell at a crosshead speed of 1 mm/min according to the method ASTM D1708 in film samples of 0.5 mm of thickness at room temperature. 
Reagents
Synthesis of N-4-fluorophenyl-endonorbornene-5,6-dicarboximide (FPhNDI) (2b)
endo-NDA (5 g, 30.5 mmol) was dissolved in 50 ml of toluene. An amount of 3.4 g (30.6 mmol) of 4-fluoroaniline in 5 ml of toluene is added dropwise to the stirred solution of endo-NDA. The reaction was maintained at 90°C for 2 h and then cooled to room temperature. A precipitate was filtered and dried to give 8.1 g of amic acid 1b. The obtained amic acid 1b (8.1 g, 29.4 mmol), anhydrous sodium acetate (1.5 g, 18.29 mmol) and acetic anhydride (24 g, 235 mmol) were heated at 90°C for 4 h and then cooled. The solid which crystallized out on cooling was filtered, washed several times with cold water and dried in a vacuum oven at 50°C overnight. Pure monomer 2b (Figure 1 ) was obtained after two recrystallizations from toluene (88% yield). mp 170-173°C. 
Metathesis polymerization of monomers
Polymerizations were carried out in glass vials under dry nitrogen atmosphere at 45°C. Polymerizations were quenched by adding a small amount of ethyl vinyl ether and the solutions were poured into an excess of methanol. The polymers were purified by solubilization in chloroform containing a few drops of 1 N HCl and precipitation into either methanol or ethyl ether. The obtained polymers were dried in a vacuum oven at 40°C to constant weight.
Polymerization of 2a
1 g (2.66 mmol) of 2a and 0.0023 g (2.70·10 -3 mmol) of catalyst I were stirred in 2.7 ml of 1,2-dichloroethane at 45°C for 3 h (Figure 2) . The obtained polymer 3a was soluble in chloroform and dichloromethane. 
Polymerization of 2b
1 g (3.89 mmol) of 2b and 0.0033 g (3.89·10 -3 mmol) of catalyst I were stirred in 3.9 ml of 1,2-dichloroethane at 45°C for 3 h (Figure 2) . The obtained polymer 3b was soluble in 1,2-dichloroethane, DMF and DMSO. 
Polymerization of 2c
1 g (3.31 mmol) of 2c and 0.0028 g (3.29·10 -3 mmol) of catalyst I were stirred in 3.3 ml of 1,2-dichloroethane at 45°C for 3 h (Figure 2) . The obtained polymer 3c was soluble in chloroform and dichloromethane. 
Polymer hydrogenation
The hydrogenation of poly(N-bis(trifluoromethyl) phenyl-endo-norbornene-5,6-dicarboximide) (Figure 3 ) was made using several catalysts. presence of a catalyst at pressure up to 5 bar. The polymer to be treated in a Parr hydrogenator is sealed in a reaction bottle with the catalyst and connected to a hydrogen reservoir. Air is removed by evacuating the bottle. Pressure is then applied from the reservoir and the bottle is shaken vigorously to initiate the reaction. The progress of the reaction was followed by observing the pressure drop in the system and by 1 H NMR (Figure 4) . The reaction at high pressure was carried out in a stainless steel 160 ml autoclave (Parr). 1 H NMR spectra were obtained on a Varian Gemini spectrometer at an observation frequency of 200 MHz with TMS as internal standard. In a typical procedure, the polymer (0.5 g) was added to 60 ml of solvent in a Schlenk tube. The catalyst was previously introduced into the reactor. The solution was degassed and charged into the reactor under N 2 . Hydrogen was added.
The optimum H 2 pressure is higher than 80 bar with ClRh(PPh 3 ) 3 as catalyst. Experiments were carried out using several solvents and the mixture dichloromethane-p-dioxane provided the best result. T g = 142°C, M w /M n = 1.9, M n = 25,870.
Results and discussion
Monomers 2a, 2b and 2c were readily prepared with high yields (84-88%). 3,5-bis(trifluoromethyl)aniline, 4-fluoroaniline and 2,2,6,6-tetramethylpiperidylamine reacted with endo-NDA to the corresponding amic acids which were cyclized to endo-imides using acetic anhydride as dehydrating agent (Figure 1 ). 1 H, 13 C and 19 F NMR spectra and elemental analysis confirmed monomers structures and purity. The infrared spectra of monomers were very similar and showed characteristic peaks at 1760 and 1690 cm -1 (asymmetric and symmetric C=O stretching), 1400 cm -1 (C-N stretching). ROMP of monomers using ruthenium catalyst I were carried out in 1,2-dichloroethane at 45°C. The endo monomers reacted in 3 h giving polymer with high yields (93-97%). The results obtained by GPC analysis show that the number average molecular weights (M n ) were between 25,000 and 39,300. Polymer yields showed a slightly decrease with increasing the monomer to catalyst ratio. The polydispersity of the polymers is about M w /M n = 1.6-1.9 which is broader compared to polymers prepared by a living polymerization. This fact is due to slow initiation of this catalyst [25] . It has been also reported that the endo norbornene monomers give polymers with broader polydispersity compared to polymers from exo monomers [23] .
Changing the pendant moiety did not affect neither the conversion of monomers nor the stereochemistry of the double bonds in the polymer. Catalyst I gives polymers with a mixture of cis and trans double bonds (42-49% of cis structure). 1 H NMR spectra were used to determine the cis/trans content in the polymer. Figure 4 shows the 1 H NMR spectra of (a) monomer 2a, (b) polymer 3a prepared by I and (c) its saturated analogous polymer 4a. The monomer olefinic signals at δ = 6.29 ppm are replaced by new signals at δ = 5.85 and 5.67 ppm, which corresponds to the trans and cis double bonds of the polymer, respectively. After the hydrogenation step, the signals mentioned above become weak and new signals corresponding to the methylene protons arise in the region of δ = 1.0-2.5 ppm. The hydrogenation level was determined by integrating the area, in the 1 H NMR spectrum, of the olefinic proton region (δ = 5.5-6 ppm) relative to aromatic proton region (δ = 7-8.5 ppm) (Figure 4) . A 98% of hydrogenation for poly-TFMPh-NDI (3a) was achieved by Wilkinson catalyst ClRh(PPh 3 ) 3 at room temperature. T g 's for Poly-TFMPhNDI (3a), Poly-FPhNDI (3b) and Poly-TMPNDI (3c) were observed at 165, 180 and 189°C, respectively ( Figure 6 ). Polymer 3c with larger substituents exhibits the higher glass transition temperature which indicates that the bulky tetramethyl groups should decrease the segmental motion of the polymer backbone. On the other hand, in spite of bearing the smaller substituent, polymer 3b shows a T g higher than polymer 3a. The latter could be attributed to the ability of Poly-FPhNDI (3b) to chain packing which results in an increase in rigidity. The T g of hydrogenated Poly-TFMPhNDI (4a) was lowered to 142°C on account of the highest conformational mobility of polymer chains in the saturated backbone which was also reflected in a lesser elastic modulus and stress in tension, 1567 and 28 MPa, respectively. The same effect of hydrogenation was observed for other fluorine containing polynorbornenes [17] .
The thermal stability of the polymers was studied by TGA under N 2 . As can be seen from Figure 7 onset temperature for decomposition of Poly-TFMPhNDI is about 393°C which was considerably . Thermogravimetric analysis of polymers 3a, 3b, 3c and 4a respectively raised to 435°C (Poly-HTFMPhNDI, 4a) after the hydrogenation step. Figure 8 represents, comparatively, the stress-strain curve in tension for the films of the synthesized polymers. The plots were cut at the maximum stress and show, for example, that not only the stress (39.1 MPa.) but also the elastic modulus (1577 MPa) are higher for the sample 3a. In counterpart, the polymer 3c has the lowest elastic modulus (1205 MPa) and stress in tension (30 MPa).
Conclusions
Endo isomers of TFMPhNDI (2a), FPhNDI (2b) and TMPNDI (3c) were synthesized and polymerized via ROMP using a second generation ruthenium alkylidene catalyst (1,3-dimesityl-4,5-dihydroimidazol-2-ylidene) (PCy 3 Cl 2 Ru = CHPh) (I). T g 's for Poly-TFMPhNDI, Poly-FPhNDI and Poly-TMPNDI were observed at 165, 180 and 189°C, respectively. Around 98% of hydrogenation for Poly-TFMPhNDI was achieved by ClRh(PPh 3 ) 3 catalyst. The onset of decomposition temperature, T d , of the hydrogenated polymer was enhanced by almost 42°C nevertheless T g was lowered to 142°C on account of the highest conformational mobility of polymer chains in the saturated backbone. 
